The unicellular green alga Chlamydomonas reinhardtii harbors many types of small RNAs (sRNAs) but little is known about their role(s) in the regulation of endogenous genes and cellular processes. To define functional microRNAs (miRNAs) in Chlamydomonas, we characterized sRNAs associated with an argonaute protein, AGO3, by affinity purification and deep sequencing. Using a stringent set of criteria for canonical miRNA annotation, we identified 39 precursor miRNAs, which produce 45 unique, AGO3-associated miRNA sequences including 13 previously reported miRNAs and 32 novel ones. Potential miRNA targets were identified based on the complementarity of miRNAs with candidate binding sites on transcripts, and classified, depending on the extent of complementarity, as being likely to be regulated through cleavage or translational repression. The search for cleavage targets identified 74 transcripts. However, only six of them showed an increase in mRNA levels in a mutant strain almost devoid of sRNAs. The search for translational repression targets, which used complementarity criteria more stringent than those empirically required for a reduction in target protein levels, identified 488 transcripts.
ABSTRACT
The unicellular green alga Chlamydomonas reinhardtii harbors many types of small RNAs (sRNAs) but little is known about their role(s) in the regulation of endogenous genes and cellular processes. To define functional microRNAs (miRNAs) in Chlamydomonas, we characterized sRNAs associated with an argonaute protein, AGO3, by affinity purification and deep sequencing. Using a stringent set of criteria for canonical miRNA annotation, we identified 39 precursor miRNAs, which produce 45 unique, AGO3-associated miRNA sequences including 13 previously reported miRNAs and 32 novel ones. Potential miRNA targets were identified based on the complementarity of miRNAs with candidate binding sites on transcripts, and classified, depending on the extent of complementarity, as being likely to be regulated through cleavage or translational repression. The search for cleavage targets identified 74 transcripts. However, only six of them showed an increase in mRNA levels in a mutant strain almost devoid of sRNAs. The search for translational repression targets, which used complementarity criteria more stringent than those empirically required for a reduction in target protein levels, identified 488 transcripts.
However, unlike observations in metazoans, most predicted translation repression targets did not show appreciable changes in transcript abundance in the absence of sRNAs. Additionally, of three candidate targets examined at the protein level, only one showed a moderate variation in polypeptide amount in the mutant strain. Our results emphasize the difficulty in identifying genuine miRNA targets in Chlamydomonas and suggest that miRNAs, under standard laboratory conditions, might have mainly a modulatory role in endogenous gene regulation in this alga.
RNA interference (RNAi) provides eukaryotic cells with a precise means of gene expression regulation through a variety of mechanisms (Kim 2005; Bartel 2009; Voinnet 2009 ).
MicroRNAs, key components of the RNAi machinery, consist of endogenously encoded 20-24 nucleotides (nt) RNA molecules (Kim 2005) . In plants and some green algae, these molecules are predominantly derived from RNA hairpins up to ~300 base pairs in length that are processed by RNase III enzymes, the Dicer-like (DCL) family of proteins (Casas-Mollano et al. 2008; Voinnet 2009; Tarver et al. 2012) . In Arabidopsis thaliana, most miRNAs are generated by DCL1 in two processing steps, from the initial transcript (the primary miRNA or pri-miRNA) to a smaller hairpin miRNA precursor (pre-miRNA) and then to a short duplex consisting of the miRNA and its complementary sequence (the miRNA* or passenger strand) (Voinnet 2009; Zhu et al. 2013) . The short RNA duplex is loaded into the RNA-induced silencing complex (RISC), which contains an argonaute (AGO) protein as a central component and becomes active upon removal of the miRNA* strand. Active RISC can repress expression of target mRNAs by preventing translation and/or by triggering transcript degradation (Bartel 2009; Voinnet 2009 ).
The extent of complementarity between miRNA and target mRNA has been proposed to play a major role in determining whether silencing occurs through transcript cleavage or translational repression/mRNA destabilization (Bartel 2009 ). The first nucleotide at the 5' end of a miRNA is secured within the Mid (middle) domain of argonaute, making this nucleotide inaccessible for binding with target transcripts, although it is important for determining miRNA loading into distinct AGOs (Mi et al. 2008; Wang et al. 2008a; Frank et al. 2010; Frank et al. 2012; Zha et al. 2012; Endo et al. 2013) . Nucleotides two to eight from the 5' end of a miRNA (the seed region, see Figure S1 ) are often almost entirely complementary to a target mRNA, while the remaining nucleotides may contribute variably to the pairing interaction (Wang et al. 2008b; Bartel 2009; Sheng et al. 2014) . In land plants, the complementarity of miRNAs and targets is commonly nearly perfect, resulting in cleavage of the target sequence between nucleotides 10 and 11 of the miRNA (Rogers and Chen 2013; Shen et al. 2013; Zhou and Luo 2013; Liu et al. 2014) . In animals, by contrast, miRNAs frequently display extensive mismatching with their targets and regulate target expression through translational repression and/or transcript destabilization independent of AGO-mediated cleavage (Carthew and Sontheimer 2009; Djuranovic et al. 2012; Fujiwara and Yada 2013; Zheng et al. 2013) . There is a growing body of evidence indicating that plants can perform this type of regulation as well; however, it still appears to be much less common than regulation through direct cleavage (Lanet et al. 2009; Beauclair et al. 2010; Yang et al. 2012; Axtell 2013; Li et al. 2013 ).
In the unicellular alga Chlamydomonas reinhardtii, miRNAs have been described relatively recently, based on deep sequencing of total cellular sRNA populations (Molnar et al. 2007; Zhao et al. 2007; Ibrahim et al. 2010; Shu and Hu 2012; Lv et al. 2013) . However, the validity of many predicted Chlamydomonas miRNAs has been questioned of late because of their large hairpin precursor structures and the apparent imprecise processing of the sRNAs (Nozawa et al. 2012; Tarver et al. 2012) . C. reinhardtii possesses core miRNA/sRNA processing and effector machinery similar to that in higher plants (Casas-Mollano et al. 2008) . This machinery includes three DCL proteins along with three AGO proteins. DCL1 and AGO1 appear to be primarily involved in the silencing of transposable elements whereas AGO3 seems to be most extensively involved in miRNA functions (Casas-Mollano et al. 2008) . MicroRNA quality control is at least partially directed by the MUT68 protein, which functions by placing untemplated nucleotides (generally uridyls) at the 3' end of the miRNA molecules, flagging them for degradation (Ibrahim et al. 2010) .
Little is known about miRNA/target interactions in green algae. Early studies suggested that miRNAs in C. reinhardtii might function primarily by triggering transcript cleavage, in a manner similar to those in land plants (Molnar et al. 2007; Zhao et al. 2007) . However, very few of the 86 mature Chlamydomonas sRNAs deposited in miRBase (Kozomara and Griffiths-Jones 2014) have identifiable targets with near perfect complementarity. This lack of easily recognizable targets leaves open the possibility that the miRNAs may instead largely operate by a mechanism(s) more akin to that in animals. This hypothesis is strengthened by recent evidence, using artificial constructs, demonstrating that miRNA/sRNA-mediated translation repression can occur in C. reinhardtii (Ma et al. 2013; Yamasaki et al. 2013) . Thus, it remains unclear whether the majority of the described Chlamydomonas sRNAs are truly miRNAs, what their potential targets are, and by which mechanism(s) they may regulate endogenous gene expression.
In animals, the non-RISC-associated passenger strand is very labile and it has been suggested that the high stability of miRNAs reflects their RISC association, implying that sequencing of total cellular sRNA populations accurately reflects the RISC-associated sRNA populations (Winter and Diederichs 2011) . This assumption has been recently challenged by studies indicating that only a fraction of mature miRNAs is in fact AGO associated (Janas et al. 2012; Schug et al. 2013; Stalder et al. 2013; Flores et al. 2014) . It remains uncertain whether this also applies to land plants and green algae. Nonetheless, to increase the likelihood of defining a set of functional, RISC-bound miRNAs in Chlamydomonas, we identified AGO3-associated sRNAs by deep sequencing. From these sequences, candidate miRNAs, meeting canonical criteria, were selected and used to predict interacting targets computationally. We then examined the mechanism(s) of regulation for a few putative endogenous targets. Our results suggest the existence of a limited set of genuine AGO3-associated miRNAs in C. reinhardtii, some of which may control target transcripts by cleavage or translation repression. However, under standard laboratory conditions, miRNAs/sRNAs do not appear to play a major role in the regulation of essential cellular processes in this green alga.
Materials and Methods

Transgenic strains, mutants, and culture conditions
Chlamydomonas cells were routinely grown in tris-acetate-phosphate (TAP) medium (Van Dijk et al. 2005; Ma et al. 2013) . Strain Maa7-IR44s, containing an inverted repeat transgene targeting the 3' UTR of the MAA7 gene (encoding Tryptophan Synthase β subunit), has been previously described (Ma et al. 2013) . Strain Mut-20, deleted for Tudor Staphylococcal Nuclease 1 (TSN1) and almost devoid of miRNAs/sRNAs, was obtained in an insertional mutagenesis screen designed to isolate mutants defective in RNAi-mediated translation repression (Ibrahim et al. 2010; Ma et al. 2013) . For the isolation of AGO3-associated sRNAs, we fused the FLAG tag (Einhauer and Jungbauer 2001) to the N-terminal end of the Chlamydomonas AGO3 (g16859) coding sequence. This construct was placed under the control of PsaD regulatory sequences and transformed into Maa7-IR44s. A similar construct was made fusing the FLAG tag to the coding sequence of the Ble gene (conferring bleomycin resistance; Stevens et al. 1996) and transformed into Maa7-IR44s. PsaD regulatory sequences were used because they have been reported to allow reliable expression, with reduced incidence of gene silencing, of cDNA transgenes in Chlamydomonas (Fischer and Rochaix 2001) .
Isolation of AGO3-associated sRNAs, library preparation, and sequencing FLAG-tagged AGO3 was affinity purified from a cell lysate as previously described for a TAPtagged protein (Van Dijk et al. 2005) . RNAs associated with AGO3 were purified with TRI reagent (Molecular Research Center) and contaminant DNA was removed by DNase I treatment (Ambion) (Ibrahim et al. 2010; Ma et al. 2013) . Construction of cDNA libraries and Illumina sequencing were then carried out as previously reported (Ibrahim et al. 2010) . All Illumina reads from sRNA sequencing were deposited into the NCBI Sequence Read Archive (SRA) under the accession number SRR1747077.
sRNA mapping and profiling
Sequenced reads were first mapped to version 9.1 of the Phytozome C. reinhardtii genome (Merchant et al. 2007) , by using version 3.02 of Novoalign (www.novocraft.com) with the miRNA flag and with a score threshold of 15. Mapped reads were filtered to remove those showing alignments with gaps or mismatches as well as those that mapped to more than 5 locations in the genome. Both the total population of sequenced reads and the population of reads mapped to the genome were profiled based on length. Genome-mapped reads were also classified as matching the chloroplast or the mitochondrial genomes, rRNAs, snRNAs, snoRNAs, tRNAs, other non-coding RNAs (ncRNAs), or transposable elements. All sequences except for transposable elements were taken from Genbank (accession numbers are BK000554.2 and NC_001638.1 for the chloroplast and mitochondrial genomes, respectively). Transposon sequences were taken from Repbase (Kapitonov and Jurka 2008) . The sequence logo to show nucleotide composition bias by position was made using version 3.3 of Weblogo analyzing all unique reads 21nt in length (Crooks et al. 2004) .
Genomic clustering of sRNAs and miRNA identification
After removing those reads that mapped to known ncRNA categories, transposons, the chloroplast or the mitochondrial genomes, remaining sRNA reads were processed following the steps illustrated in Figure 1A . The reads were first clustered by genomic location such that there was no more than 200 nt between adjacent reads, regardless of strand, in a given cluster. The reads on both strands in the same genomic location were placed in the same cluster. These clusters were analyzed further to differentiate pre-miRNA structures from other sRNA structures.
The genomic sequence for each strand of the cluster was folded using version 2.1.5 of RNAfold from the Vienna RNA package (Lorenz et al. 2011) . Clusters with a genomic sequence <50 nt or >1000 nt in length were excluded from folding, as they were deemed unlikely to code for canonical miRNAs (see Tarver et al. 2012) . Clusters containing sequence gaps (i.e., unsequenced genomic regions) were also excluded since the secondary structure folding of these regions cannot be unambiguously predicted. The obtained secondary structures were then parsed to determine if they folded into a hairpin. However, clusters whose highest expressed reads had more than four mismatches with the complementary arm of the hairpin were removed from further analyses, following the criteria set up by Tarver et al. (2012) for the annotation of plant miRNAs. Clusters remaining after this filtering were manually curated based on the accuracy of processing of the 5' end of the predominant reads and the frequency of predominant reads (Tarver et al. 2012; Coruh et al. 2014) . The putative miRNA* sequence for the highest expressed read(s) of each cluster was determined using the hairpin fold and the genomic sequence, with one or two nucleotide offset to allow for the 3' overhang in the miRNA/miRNA* duplex. Figure 1B illustrates the process used for the prediction of miRNA targets. Potential miRNA binding sites were determined by searching version 9.1 of the Phytozome C. reinhardtii transcriptome using version 2.1 of RNAhybrid (Kruger and Rehmsmeier 2006) . This algorithm returns the most energetically favorable pairing for each miRNA/target pair. The obtained hybrid pairs were filtered based on the number and location of gaps, wobbles, and mismatches to limit the predictions to those that could regulate targets in a foreseeable manner. For cleavage targets, this search required perfect matching for nucleotides 2-8 (the seed region, see Figure S1 ) and nucleotides 9-12 (the catalytic or center region, see Figure S1 ), and no more than three GU wobbles and three mismatches or a gap of more than one nucleotide in the remaining sequence.
MicroRNA target prediction
For translational repression targets, the constraints for the catalytic region were relaxed to allow up to three mismatches or wobbles, with the constraints for the seed-region and the 3' end pairing remaining the same. Additionally, translational repression targets needed at least one mismatch or wobble in the catalytic region to keep the two sets of predicted targets nonoverlapping. MicroRNA encoding transcripts, which may also be targeted for degradation by their encoded miRNAs, were removed from the analysis.
Putative functions of predicted targets were evaluated by using the annotations of Chlamydomonas genes (if available) as well as conserved protein domains. Functional annotations were taken from the Algal Functional Annotation site (Lopez et al. 2011) and are mostly based on those on Phytozome (Goodstein et al. 2012) . For each protein, even if a domain is repeated, each domain is reported only once.
RNA analyses and quantitative PCR assays
Total cell RNA was purified with TRI reagent (Molecular Research Center), following the manufacturer's instructions. For sRNA analyses, total RNA samples were resolved in 15% polyacrylamide/7M urea gels and electroblotted to Hybond-XL membranes (GE Healthcare).
Blots were hybridized with 32 P-labeled DNA probes using the High Efficiency Hybridization System as previously described (Ibrahim et al. 2010) . Specific miRNAs were detected by hybridization with DNA oligonucleotides labeled at their 5' termini with [γ-32 P]ATP and T4
Polynucleotide Kinase (New England Biolabs) (Ibrahim et al. 2010; Ma et al. 2013) . For examination of sRNAs by SYBR-Gold (Life Technologies) staining, TRI reagent isolated total RNA was fractionated through Microcon YM-100 centrifugal devices (Millipore) to remove high molecular weight transcripts. sRNAs were concentrated from the filtrate by ethanol precipitation and resolved in denaturing polyacrylamide gels. Putative cleavage sites of the Cre17.g697550
transcript were examined using a 5' RACE approach with the GeneRacer kit (Life Technologies), as previously described (Molnar et al. 2007; Yamasaki et al. 2013) . First and nested PCR amplifications were performed using the following primers: g697550(Race)-R1 (5'-CCTTGCACTTGAGGCACTGCACAA-3') and g697550(Race)-R2 (5'-CGTGTGGGGGCGGGATGAT-3'). For quantitative PCR analyses, DNase I treated RNA samples were used as template for first-strand cDNA synthesis using an oligo(dT) 18 primer and SuperScript III reverse transcriptase (Life Technologies). Primer pairs for the quantitative PCR amplifications were as follows: for Cre17.g697550, g697550-F (5'-GAGAGGATCGCGGACAACC-3') and g697550-R (5'-AGGACCGGTAGATGCTCTTGG-3'); and for Cre16.g683650, g683650-F (5'-CAGTTTGAGCCCGACCTACG-3') and g683650-R (5'-CCACGCCGCACTCCAGC-3'). DNA fragments were amplified and quantified with the RT 2 SYBR Green/Fluorescein qPCR mastermix (Qiagen) using the iCycler Real Time PCR Detection System (Bio-Rad).
Differential gene expression analysis
RNA samples from Maa7-IR44s and Mut-20, grown photoheterotrophically in TAP medium, were purified with TRI reagent and treated with DNase I. Standard RNA-Seq of the samples was then performed using an Illumina Genome Analyzer II at the University of Nebraska-Lincoln
Genomics facility (Brueggeman et al. 2012) . All reads obtained by RNA-Seq were deposited into the NCBI SRA under the accession numbers SRR1747017 and SRR17470742. Sequencing reads from both strains were mapped to the C. reinhardtii transcript models in version 9.1 of Phytozome (Merchant et al. 2007) . Reads were first trimmed to 36 nt in length, to remove low quality 3' end sequences before mapping. The alignment was performed using Bowtie2 (Langmead and Salzberg 2012) with a seed length of 25 nt, allowing 2 mismatches, and a maximum hit of 1. Only reads that uniquely matched with a single transcript were counted. Raw gene counts were determined by counting the number of reads aligned to each transcript.
Transcript abundance was examined as Reads per Kilobase per Million (RPKM), which normalizes the read counts based on both transcript length and total number of reads, using the following formula:
where C is the number of reads mapped to the transcript, N is the total number of mapped reads in the library, and L is the length of the transcript in nucleotides (Mortazavi et al. 2008 
Immunoblot analysis
The Chlamydomonas Cre16.g683650 protein was immunodetected, following a standard procedure (Ma et al. 2013) , by overnight incubation at 4 °C with a 1:10,000 dilution of a rabbit antibody raised against a C-terminal peptide (GIKPSAHKRGGVRM) conjugated to KLH (GenScript). A modification-insensitive polyclonal antibody (Abcam ab1791) was used to detect histone H3.
Results
Identification of AGO3 associated sRNAs
A FLAG-tagged AGO3, under the control of the PsaD promoter, was introduced into the Maa7-IR44s strain (Ma et al. 2013) and its functional competence evaluated by examining its subcellular localization (see Figure S2 ) and its association with the translationally repressed MAA7 transcript (see Figure S3 ). sRNAs associated with AGO3 were then isolated by co- 
MicroRNA prediction
MicroRNAs were predicted based on the criteria outlined by Tarver et al. (2012) (Figure 1A ). To differentiate miRNAs from other sRNAs, all mapped reads were clustered by genomic location such that within each cluster adjacent reads were no more than 200 nt apart, regardless of strand.
Genomic sequences for each strand of each cluster were folded using RNAfold to determine the secondary structure of putative pre-miRNAs (Lorenz et al. 2011) . In order to be classified as a miRNA precursor, a cluster was required to fold into a hairpin, and have no more than two predominant 5' processing sites. In addition, the main reads (i.e., the greatest abundance reads in each cluster) were required to have no more than four mismatches in the complementary arm of the hairpin (Tarver et al. 2012) . Using these criteria, we identified 39 suitable pre-miRNAs, which produce 45 unique miRNA sequences (Table 1) . Of these 45 miRNAs, 29 had their respective miRNA* present in the library, while the remaining 16 did not (see Discussion). We found 13 previously reported C. reinhardtii miRNAs and identified 32 novel ones. Although three clusters matched previously described precursor miRNAs (pre-miR919, pre-miR1148, and pre-miR1164), the identified predominant reads differed from the annotated miRNA sequences (Table 1) . Additionally, cluster 17755 corresponded to the antisense strand of pre-miR1154 (Table 1 ). The 45 miRNAs accounted for 3,467,899 reads (nearly 28%) of the 12,463,249
genome-mapped reads ( Figure 2C and Table 1 ) and correspond to some of the most abundant sequences in the library, with high degree of redundancy. As an example of the obtained results, the putative pre-miRNA folding and matching reads for cluster 19166 are shown in Figure 3A .
The folding data and matching reads for all the miRNA-candidate clusters can be found in Figure   S4 .
The expression of a subset of miRNAs was verified by northern blot analyses ( Figure 3B ).
Intriguingly, a very abundant sequence in the sRNA library (based on read frequency) did not have an identifiable precursor in the Chlamydomonas genome. Yet, the corresponding sRNA (designated miR B) was easily detected in RNA blots ( Figure 3B ) and appears to be a functional miRNA-like molecule (see below). Since the current version of the C. reinhardtii genome contains sequence gaps, we hypothesize that the gene encoding miR B might be located in an unsequenced region of the genome. In support of this interpretation, for another sRNA (designated miR C), which also is detectable in northern blots ( Figure 3B ) and appears to be functional (see below), the putative pre-miRNA includes a sequence gap that precludes its unambiguous folding into the expected stem-loop structure (see Figure S5 ).
Many previously identified Chlamydomonas sRNAs reported as miRNAs (Molnar et al. 2007; Zhao et al. 2007; Shu and Hu 2012; Kozomara and Griffiths-Jones 2014) , in addition to those listed in Table 1 , were also found associated with AGO3 (Table S4) . However, these sequences did not meet the criteria to be classified as miRNAs (Tarver et al. 2012 ) since some appear to derive from long RNA hairpins that produce multiple sRNAs with imprecise 5' ends (typical of small interfering RNAs) and others seem to be encoded next to sequence gaps preventing the unequivocal prediction of secondary structures ( Figure 2C and 2D, Remaining sRNA category). This annotation problem is also becoming apparent in other eukaryotes, as the depth of sequenced sRNAs increases and miRNA prediction criteria are improved (Tarver et al. 2012; Coruh et al. 2014; Kozomara and Griffiths-Jones 2014) . Additionally, a few potentially genuine miRNAs (e.g., miR1151b) were present at very low levels in our library (Table S4 ) and may not associate meaningfully with AGO3. These sequences could correspond to real miRNAs bound to other Chlamydomonas argonautes.
MicroRNA target prediction
Target prediction for the identified 45 miRNA sequences relied on complementarity between the miRNAs and putative binding sites on transcripts ( Figure 1B ). The binding sites were uncovered using RNAhybrid to search against the Chlamydomonas transcriptome in Phytozome version 9.1 (Kruger and Rehmsmeier 2006; Goodstein et al. 2012) . Potential targets were divided into two categories, depending on the extent of complementarity to a miRNA, those likely to be regulated through cleavage and those likely to be regulated through translational repression. Cleavage targets were set to require perfect matching between a transcript and nucleotides 2-12 of the miRNA, encompassing the seed region (nucleotides 2-8; see Figure S1 ) and the catalytic or center region (nucleotides 9-12, where AGO-mediated cleavage of the target occurs; see Figure   S1 ). In addition, they could have no more than three mismatches and three GU wobbles in the remainder of the miRNA/target hybrid, or a gap of more than one nucleotide ( Figure 1B ).
Based on the above criteria, we identified 74 target transcripts but none corresponded to a perfect miRNA:mRNA match (Table S1 ). To provide some validation for these findings, we examined transcript abundance of the putative targets in an RNAi defective mutant, Mut-20, and in its parental strain, Maa7-IR44s (Table S2 ). Mut-20 contains a deletion of the gene coding for Tudor Staphylococcal Nuclease 1 (TSN1) (Figure 4) , an evolutionarily conserved protein with apparently diverse functions in different eukaryotes (Caudy et al. 2003; Li et al. 2008; Frei dit Frey et al. 2010; Phetrungnapha et al. 2013; Gao et al. 2014) . Tudor-SN is characterized by four N-terminal tandem repeats of the staphylococcal nuclease-like (SN) motif and a C-terminal TSN (Tudor-SN5) domain ( Figure 4B ) Gao et al., 2014) . 
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) and, thus, transcripts targeted for direct cleavage by RISC would be expected to display increased accumulation in this mutant background. Yet, only six of the predicted targets showed at least a two-fold increase in transcript abundance in Mut-20 relative to the wild type control (Table S1) , and these changes were not statistically significant (adjusted p-values > 0.05). The overall deficiency in sRNAs in Chlamydomonas Mut-20 would affect their association with any of the argonaute proteins (AGO1, AGO2, or AGO3), whose genes are not altered in this mutant background, and therefore compensatory loading of miRNAs into different AGOs would not explain the observed limited effect on target transcript stability.
Putative translational repression targets were set to require perfect matching to the seed region and no more than three mismatches and three GU wobbles in the 3' end of the hybrid duplex. However, unlike the pairing interaction for cleavage targets, they were allowed to have up to three mismatches or GU wobble pairs in the catalytic region ( Figure 1B ). These criteria are more stringent than what has been experimentally demonstrated as necessary for a reduction in target protein levels in C. reinhardtii, based on tests with reporter miRNA-target constructs (Yamasaki et al. 2013) . Despite these stringent requirements, we identified 488 transcripts potentially repressed at the translational level (Table S3) or, on average, more than 10 putative targets per candidate miRNA. The abundance of most of these transcripts did not change significantly in the Mut-20 strain relative to the wild type control (Table S3 ). Still, it remains uncertain how many of these RNAs, if any, are genuine miRNA targets possibly regulated via translation repression (see below).
sRNA-mediated endogenous gene regulation
To gain insight into how miRNAs and related sRNAs may regulate endogenous genes in C.
reinhardtii, we examined mRNA and protein abundance for putative targets of a few sRNAs in Mut-20 and in the Maa7-IR44s parental strain. We chose to analyze miR B, even though it has no identifiable precursor RNA encoded in the Chlamydomonas genome (see above), because it is the only sRNA for which we could find computationally an unambiguous, perfectly complementary target transcript ( Figure 5A ), albeit coding for a protein of unknown function (Cre17.g697550). As expected for RISC-mediated target cleavage, 5' RACE assays on RNA samples isolated from the strain with a wild type background (Maa7-IR44s) detected
Cre17.g697550 transcripts predominantly truncated in between the residues hybridizing to nucleotides 10 and 11 of miR B ( Figure 5A ). Moreover, as anticipated for a mRNA regulated by miRNA-directed cleavage, the Cre17.g697550 transcript abundance increased substantially in Mut-20 ( Figure 5B and Table S2 ). This result suggested that certain Chlamydomonas genes might be controlled by miRNAs/sRNAs through RISC-mediated mRNA cleavage.
To examine whether Chlamydomonas sRNAs can regulate endogenous transcripts by translation repression, we chose to test putative targets for cluster 14711 (i.e., Cre14.g629050, encoding a predicted copper-binding protein), cluster 19166 (i.e., Cre16.g659300, encoding a predicted cytochrome b5 isoform), and miR C (i.e., Cre16.g683650, encoding a predicted protein kinase). These targets were selected because they code for predicted proteins of known functions and their miRNA binding sites ( Figure 6A and Table S3 ) display features similar to those characterized as involved in miRNA-mediated translation inhibition in animal systems (Bartel 2009; Tarver et al. 2012; Brümmer and Hausser 2014 ). Yet, for the putative targets of clusters 14711 and 19166 no appreciable changes were detected in transcript levels (Table S3) As already mentioned, miR C maps next to a gap in the genome and, as a consequence, cannot be folded into a canonical hairpin with the miRNA sequence contained within the double stranded RNA stem, although flanking sequences do form a long hairpin structure (see Figure   S5 ). As previously proposed for this kind of Chlamydomonas sRNAs mapping next to sequence gaps (Molnar et al. 2007) , miR C could correspond to a genuine miRNA or to a small interfering RNA (siRNA) processed from a very long double stranded RNA precursor. The miR C binding site in Cre16.g683650 is located in the 3' UTR, partly overlapping the stop codon, and it contains a mismatch with nucleotide 10 of the sRNA, which would hinder AGO-mediated cleavage (Wee et al. 2012 ) ( Figure 6A ). Interestingly, the transcript abundance of the miR C target, Cre16.g683650, was reduced in Mut-20 relative to the wild type ( Figure 6B and Table S2 ).
In contrast, the protein abundance, detected by immunoblotting, was slightly increased in the mutant background ( Figure 6C ). Similar results were obtained with another Chlamydomonas mutant, defective in DCL3 (g8048), which shows greatly reduced levels of miR C (see Figure   S6 ). Given that the Cre16.g683650 transcript abundance is higher in the wild type without a concomitant increase in protein amount relative to Mut-20 or Dcl-3, these observations suggested that Cre16.g683650 is translationally repressed, albeit at modest levels, in wild type
Chlamydomonas. This repression is partly relieved in the mutants, as expected for a sRNA/miRNA regulated transcript (see Discussion for details).
Discussion
AGO3-associated miRNA population in C. reinhardtii
The sRNAs associated with AGO3 show a strong bias for a length of ~21 nt and the presence of uracil as the 5' nucleotide. The same trends were reported in the original studies describing miRNAs in C. reinhardtii, which characterized total cellular sRNA populations (Molnar et al. 2007; Zhao et al. 2007 ), but are much more pronounced in the AGO3-associated sRNAs. In particular, uracil was the most prevalent 5' nucleotide in previous reports, but it was present in less than 50% of the unique reads and a considerable number of sRNAs started with other nucleotides, most notably adenine (Molnar et al. 2007; Zhao et al. 2007) . Since 80% of the AGO3-associated unique sequences (98% of total mapped reads) begin with an uracil ( Figure   2E ), it seems likely that the more variable sRNAs sequenced in studies of total cellular sRNA populations represent those associated with all three Chlamydomonas AGO proteins, implying that AGO1 and/or AGO2 may have different preferences than AGO3 for the first nucleotide of a sRNA. Alternatively, as suggested for animal systems (Schug et al. 2013; Flores et al. 2014; Thomson et al. 2014) , only a fraction of mature sRNAs might be AGO associated in Chlamydomonas and total cellular sRNA populations may also include processed sRNAs that are not ordinarily incorporated into RISC. As a methodological drawback, the 5'-nucleotide bias had a significant impact on the identification of miRNAs* in libraries of AGO3-associated sRNAs, as those miRNAs* that begin with a nucleotide other than U are much less likely to be represented in the libraries. Because of this technical issue, the presence of matching miRNA* sequences in our libraries was not used as a criterion for selecting canonical miRNAs.
By clustering all of the sRNAs associated with AGO3 based on their genomic locations, we were able to identify precursor RNA hairpins and classify the clusters as generating canonical miRNAs or other types of sRNAs (Coruh et al., 2014) , taking into account hairpin folding and the apparent 5' processing of dominant reads. Using the criteria set forth by Tarver et al. (2012) , we identified 32 novel miRNAs and confirmed 13 previously identified miRNAs, which together account for ~28% of all genome-mapped sRNAs associated with AGO3 ( Figure 2C ). In principle, this suggests that the majority of the AGO3-bound sRNAs may not be miRNAs, including many derived from very long hairpins that give rise to multiple products (Table S4) .
However, from a functional perspective, most of these non-miRNA sequences may have limited relevance. Recent findings in metazoans suggest that only strongly expressed sRNAs, above a certain threshold level, may lead to functionally significant target suppression (Mullokandov et al. 2012; Flores et al. 2014; Thomson et al. 2014) . In Chlamydomonas, ~70% of the genome mapped sRNAs associated with AGO3 ( Figure 2C ) correspond to nearly 100,000 distinct (unique) sequences ( Figure 2D ) with each being present on average at fairly low, possibly ineffective abundance.
Another caveat is that the Chlamydomonas nuclear genome is not fully sequenced and frequently sRNA sequences appear to lie next to sequence gaps (this work and Molnar et al. 2007 ). Thus, for many sRNAs it cannot be unambigously ascertained whether they may represent miRNAs or siRNAs (e.g., miR C, see Figure S5 ). Moreover, almost 40% of the high quality reads did not have a perfect match in the Chlamydomonas nuclear genome or a predicted precursor hairpin structure, and were not analyzed further. Yet, some of these sequences are very abundant and may represent functional sRNAs, as suggested for miR B (Figure 5 ), possibly encoded in unsequenced regions of the genome. This technical problem currently prevents a definitive analysis of sRNA populations in C. reinhardtii.
Interestingly, the clusters that meet the criteria for canonical miRNAs tend to have fewer mismatches between the miRNA and miRNA* than observed for plants or animals, which can have up to four or six mismatches within the duplex, respectively (Tarver et al. 2012) . Indeed, many of the miRNA encoding duplexes in C. reinhardtii show perfect complementarity ( Figure   S4 ). As a methodological difficulty, perfect complementarity in the stem of a hairpin encoding miRNA and miRNA* molecules results in both sequences mapping to both strands of the genome in a given cluster. However, mismatches in other parts of the hairpin stem often allow the identification of one strand with significantly more reads mapping to it, suggesting that that strand corresponds to the pre-miRNA ( Figure S4 ). Based on these analyses, the 45 identified canonical miRNAs are encoded almost in equal proportions in intergenic regions of the Chlamydomonas nuclear genome or in introns or the 3'UTR of predicted (many hypothetical) protein coding genes (Table 1) miRNA targets and mechanism(s) of endogenous gene regulation Despite apparent similarities in the RNAi machineries of C. reinhardtii and higher plants (CasasMollano et al. 2008; Cerutti et al. 2011) , Chlamydomonas miRNAs do not seem to regulate targets primarily through the plant model of high complementarity between miRNA and transcript, resulting in mRNA cleavage (Liu et al. 2014 ). While we identified 74 target transcripts that had perfect complementarity to the corresponding miRNAs from nucleotides 2 to 12 (encompassing both the seed and catalytic regions; see Figure S1 ) and no more than three mismatches and three GU wobbles in the remaining region, only six of the predicted targets (8.1%) showed at least a two-fold increase in transcript abundance in the miRNA deficient Mut-20 (Table S1 ). The Chlamydomonas RNAi machinery does have the capability to operate by target transcript cleavage, as demonstrated with artificial miRNA constructs and reporters (Molnar et al. 2009; Zhao et al. 2009; Yamasaki et al. 2013) and suggested by the analysis of the miR B predicted endogenous target Cre17.g697550 ( Figure 5 ). However, with the caveat that some predictions may represent false positives (see below), the majority of the candidate endogenous targets do not appear to be subject to mRNA cleavage and degradation, since the anticipated increase in transcript abundance in Mut-20, which is almost devoid of sRNAs, was not observed. Interestingly, the Mut-20 strain did show elevated RNA levels (Table S2) for most genes predicted to encode miRNAs in their coding or untranslated regions (Table 1) , consistent with a role of the deleted TSN1 in sRNA biogenesis. In contrast, when a miRNA was predicted to be encoded in an intron (Table 1) , the corresponding transcript abundance did not change in a coherent manner in Mut-20 (Table S2 ). Yet, given the multiple functions of Tudor-SN proteins in eukaryotes (Frei dit Frey et al. 2010; Phetrungnapha et al. 2013; Gao et al. 2014) , we cannot rule out that some changes in transcript levels in the mutant background may be unrelated to an RNAi defect. Additionally, changes in mRNA abundance in Mut-20 may also be due to downstream effects of misregulated sRNA-targeted genes.
When considering the possibility of miRNA-mediated translational repression in Chlamydomonas, even using complementarity criteria far more strict than necessary for reduction of protein levels in miRNA-target reporter experiments (Yamasaki et al. 2013) , we predicted on average more than 10 targets per miRNA (488 target transcripts for 45 miRNAs).
However, most predicted translation repression targets did not show appreciable changes in transcript abundance in Mut-20 (Table S3) and it is unclear what fraction of these genes might correspond to genuine sRNA-regulated targets. Again, the Chlamydomonas RNAi machinery does have the capability to cause translation repression of target transcripts, as demonstrated with transgenic constructs (Ma et al. 2013; Yamasaki et al. 2013) and suggested by the analysis of the miR C candidate target, Cre16.g683650 (Figures 6 and S6 ). Yet, only one out of three examined putative endogenous targets showed modest changes in transcript and protein levels in Mut-20 consistent with sRNA-mediated translation repression.
MicroRNA:mRNA interactions are generally thought to result in gene silencing by reducing the stability and/or the translation of the RISC-associated transcripts. However, several reports suggest that this is not always the case, with miRNAs also being capable of protecting or even increasing the steady-state levels of target transcripts (Murphy et al. 2010; Carroll et al. 2012) . Interestingly, the Cre16.g683650 mRNA abundance was reduced in Mut-20 ( Figure 6B ), as well as in another RNAi mutant defective in DCL3 (see Figure S6) , suggesting that the transcript may be stabilized by the presence of a functional RNAi machinery. We have previously demonstrated that mRNAs translationally repressed by sRNA-mediated mechanisms in Chlamydomonas remain associated with polyribosomes (Ma et al. 2013) , which may perhaps protect against the action of ribonucleases. Another possibility is that some RISC-associated mRNAs may be sequestered within intracellular compartments and sheltered from degradation (Carroll et al. 2012) . Despite a decrease in Cre16.g683650 transcript amount to ~40-65% of wild type levels, the corresponding protein was ~20-50% more abundant in , implying that Cre16.g683650 may indeed be translationally repressed in the wild type parental strain. Yet, if this case is representative of endogenous miRNA targets, net changes in protein levels between mutant and wild type strains are fairly small making it very difficult the validation of predicted translation repression targets by high-throughput proteomic approaches.
For both higher plants and animals, target prediction uses evolutionary conservation of the miRNA binding site to reduce the number of potential false positives (Willmann and Poethig 2007; Thiebaut et al. 2012; Allmer 2014) . However, the recent profiling of sRNAs and miRNAs in the green alga Volvox carteri, the closest relative to C. reinhardtii with a published genome, indicated that there is very little, if any, conservation of miRNAs between these two species (data not shown and Li et al. 2014) . Other features that are commonly used to reduce the number of false positive targets are the accessibility of the miRNA target site and the change of free energy for binding (Kertesz et al. 2007) , the nucleotide composition of the miRNA and target site analyzed with machine-learning based classifiers Mitra and Bandyopadhyay 2011; Kurubanjerdjit et al. 2013) , and the presence of certain RNA-binding sites for protein modules overlapping the miRNA-binding site (Didiano and Hobert 2006; Grimson et al. 2007; Kedde et al. 2007; Didiano and Hobert 2008) . Minimum free energy hybridization criteria, incorporated into RNAhybrid (Kruger and Rehmsmeier 2006) , were used in our searches for targets but implementing other approaches would require a large set of confirmed targets to apply machine-learning methods and/or knowledge of RNA-binding sites for specific protein domains. Nevertheless, our results suggest, as recently described for reporter constructs (Yamasaki et al. 2013) , that miRNA regulation of endogenous transcript expression in Chlamydomonas may not involve the extensive complementarity that is typical of land plants (Liu et al. 2014) . For certain targets, it may operate by translation repression although with modulatory, rather modest effects on protein abundance. Yet, given the methodological limitations outlined above, it remains uncertain what proportion of predicted Chlamydomonas targets is genuine.
Evolutionary role of miRNAs in green algae
In multicellular plants and animals, miRNAs play key roles in maintaining cell/tissue differentiation, and disruption in miRNA production leads to abnormal growth, cancer, or is fatal to the organisms (Fahlgren et al. 2010; Lenz et al. 2011; Sheng and Previti 2011) . However, the lack of miRNA conservation among examined green algae (as well as with any other organism; Lenz et al. 2011; Nozawa et al. 2012) , the identification of few predicted targets with known function(s) (Tables S1 and S3) , and the modulatory nature of the regulation of some targets (~20-50% change in protein levels between wild type and RNAi defective mutants) raise questions about the biological role(s) of miRNAs in C. reinhardtii. Furthermore, the miRNA/sRNA deficient mutants, Mut-20 and Dcl-3, have no obvious abnormal phenotypes when grown under standard laboratory conditions (data not shown), implying that small RNAs are not essential for cell growth and survival. This is consistent with the observation that many unicellular eukaryotes, particularly those with small nuclear genomes, seem to have lost entirely the RNAi machinery or have retained only a basic set of RNAi components (Cerutti and Casas-Mollano 2006; Nakayashiki et al. 2006; Berezikov 2011; Drinnenberg et al. 2011) . The elusive role of RNA interference in controlling endogenous gene expression in unicellular eukaryotes has also been recognized in the fission yeast Schizosaccharomyces pombe (Smialowska et al. 2014) .
Whereas animals (Fahlgren et al. 2010; Cuperus et al. 2011; Lenz et al. 2011; Nozawa et al. 2012) , hairpins may randomly arise both in introns and in transcribed intergenic regions as the genome evolves. The RNAi machinery would process transcribed RNA hairpins generating endogenous sRNAs and potential miRNAs. However, these hairpins would evolve neutrally unless a processed sRNA confers a selective advantage or disadvantage to the cell. As a result, miRNA precursors could arise, evolve accumulating mutations over time, and eventually be lost from the genome. That is a pattern of rapid birth-and-death evolution (Cuperus et al. 2011; Lenz et al. 2011; Nozawa et al. 2012) . Despite V. carteri being the closest relative of C. reinhardtii with a sequenced genome, these two species diverged approximately 200 million years ago (Chang and Liao 2013), possibly enough time for fast-evolving miRNAs to be diverged and completely turned over. Interestingly, while the miRNAs in higher plants that maintain tissue differentiation are highly conserved, those that are species specific often appear to follow this rapid turnover model of evolution (Fahlgren et al. 2010; Cuperus et al. 2011; Lenz et al. 2011; Nozawa et al. 2012) .
Conclusion
Much additional work will be needed to understand what role(s) miRNAs play in C. reinhardtii.
Our results suggest that most AGO3-associated sRNAs are not canonical miRNAs although the latter appear to correspond to the most abundant, possibly functionally relevant, sequences.
Regulation of Chlamydomonas protein-coding genes by miRNA-mediated mRNA cleavage seems to be rare. In addition, miRNAs predicted to operate by translational repression appear to have, with some exceptions, little effect on targets' transcript amounts. Some of these small RNAs may primarily fine tune protein levels, as suggested by examination of a miR C target.
However, C. reinhardtii miRNAs/sRNAs do not seem to regulate processes essential for cell growth and survival under standard laboratory conditions. It is tempting to speculate that the RNAi machinery initially evolved, in the last common ancestor of eukaryotes, as a defense response against viruses and other genomic parasites (Cerutti and Casas-Mollano 2006) and that regulatory miRNAs evolved at a latter time mostly controlling newly arisen processes such as cell differentiation and development in multicellular organism. In unicellular eukaryotes, miRNAs arising as accidental products of random genome evolution may have no role in regulating ancestral, core cellular functions but may possibly be involved in more recently evolved responses to specific abiotic and/or biotic stresses.
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